Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

8-7-2020

Gopher tortoises in the Anthropocene: investigating the effects of
fire, temperature, and competition on an ecosystem engineer
Weston Curtis Thompson

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Thompson, Weston Curtis, "Gopher tortoises in the Anthropocene: investigating the effects of fire,
temperature, and competition on an ecosystem engineer" (2020). Theses and Dissertations. 2430.
https://scholarsjunction.msstate.edu/td/2430

This Graduate Thesis - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

/15/19

Gopher tortoises in the Anthropocene: investigating the effects of fire, temperature, and
competition on an ecosystem engineer
By
TITLE PAGE
Weston Curtis Thompson

Approved by:
Brandon T. Barton (Major Professor)
Marcus A. Lashley
Gary N. Ervin
Justin A. Thornton (Graduate Coordinator)
Rick Travis (Dean, College of Arts & Sciences)

A Thesis
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Master of Science
in Biological Science
in the Department of Biological Sciences
Mississippi State, Mississippi
August 2020

Copyright by
COPYRIGHT PAGE
Weston Curtis Thompson
2020

Name: Weston Curtis Thompson
ABSTRACT
Date of Degree: August 7, 2020
Institution: Mississippi State University
Major Field: Biological Science
Major Professor: Brandon T. Barton
Title of Study: Gopher tortoises in the Anthropocene: investigating the effects of fire,
temperature, and competition on an ecosystem engineer
Pages in Study: 84
Candidate for Degree of Master of Science
Gopher tortoises are ecosystem engineers whose burrows provide habitat to >350 species.
Prescribed fire is used to manage tortoise habitat, but fire timing is mostly restricted to the
vegetative dormant season. Restricted fire timing in combination with white-tailed deer
competition may negatively affect tortoises. To address these concerns, we quantified these
species’ dietary overlap and conducted a field experiment to examine impacts of fire phenology
on plants and animals. Although tortoises and deer consumed ~75% of the same plants, their diets
were statistically dissimilar. Fire altered plant community composition and increased foliar crude
protein and phosphorus while decreasing calcium. Deer detections were unaffected, but tortoises
were detected more in fire treatment plots. We simultaneously monitored burrow and surface
temperatures and found burrows provide thermal refuge. Our data suggests that fire timing affects
plants in ways that can affect gopher tortoises, and burrows may mitigate some negative impacts
of climate change.
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CHAPTER I
UNDERSTANDING THE IMPORTANCE OF FIRE TIMING AND WHITE-TAILED DEER
COMPETITION ON GOPHER TORTOISES
1.1

Abstract
Gopher tortoises are ecosystem engineers whose burrows provide habitat to over 350

animal species. Due to fire suppression, habitat loss, and human exploitation, tortoise populations
have declined over the past century and are currently listed as threatened in the western portion of
their range. Even once fire regimes were reinstated for conservation of this species, anthropogenic
fire timing mismatches that of historical lightning season fire regimes. Concurrently, predator
extirpation has resulted in large populations of their largest competitor – white-tailed deer. The
temporal mismatch in fire combined with competition for food with deer, may limit food
availability for tortoises. To better understand the consequences of fire timing and deer
competition on tortoises, we quantified these species’ dietary overlap and conducted a replicated
field experiment in southeast, Mississippi. Microhistological analyses of 272 samples collected
over three years detected a total of 72 plant genera. Although 56 of the plant genera were common
to deer and tortoises, further analysis revealed that their diets were distinct (Multivariate
PERMANOVA based on dissimilarities, P < 0.001). Indicator species analysis revealed tortoise
fecal samples were dominated by grasses (e.g., Panicum, Andropogon, and Paspalum), while deer
samples were dominated by woody plants (e.g., Quercus, Vaccinium, and Rhus). To determine
how fire timing influences the availability and quality of these plants, we conducted a field
1

experiment in 2018-2019 with plots designated unburned, March, and July fires. After two years
of annual burning, we found that March fire increased percent cover of grasses (beta regression
model, P = 0.001), and woody plant encroachment was suppressed in both fire treatments
compared to unburned plots (beta regression model, P = 0.005). Although the effects were shortlived, fire in both treatments increased crude protein and phosphorus (linear mixed effects model,
P-values < 0.001) while simultaneously decreasing calcium (P = 0.027) and the calcium to
phosphorus ratio (P < 0.001). We simultaneously monitored gopher tortoise and deer activity in
plots with camera traps to determine how fire timing influences their activity. Deer detections were
unaffected by fire treatment, but tortoises were detected more in the July fire treatment plots
(generalized linear model, P < 0.001). Taken together, results from our data indicate the two
herbivores are partitioning food resources and support the hypothesis that fire timing affects forage
plant quantity and quality in ways that can affect gopher tortoises and deer.
1.2

Introduction
Fire is a common disturbance that has shaped the ecology of most terrestrial ecosystems

(Bond et al. 2005, Archibald et al. 2013). Fire consumes vegetation, which resets succession and
increases soil fertility and sunlight reaching the ground (Kutiel and Naveh 1987, Zwolinski 1990).
In turn, tissue in regenerating plants is often high in nutrients for weeks following fire (Boerner
1982, Van de Vijver et al. 1999). Consequently, many wildlife species are attracted in high
densities to recently burned areas to exploit post-fire nutrient pulses (Brennan et al. 1998, Eby et
al. 2014). Since fire can influence the way herbivores move and forage, the indirect effects of fire
could be transmitted by herbivores to multiple trophic levels within an ecosystem (Bailey and
Whitham 2002, Westlake et al. 2020).

2

Like other aspects of the abiotic environment, the characteristics of fire regimes have been
changing due to human influence. Without human intervention, fires were historically ignited by
lightning (Pyne 2019), which is most frequent during the summer growing season (Knapp et al.
2009). However, humans have altered fire regimes for thousands of years (Bowman et al. 2011).
Evidence that early humans manipulated fire regimes is present on all continents excluding
Antarctica (Veblen et al. 1999, Bowman et al. 2009, Brown et al. 2009). Even before European
settlers arrived in North America, indigenous people manipulated fire regimes to maintain early
succession, enhance growth of desirable plant species, and hunt animals (Anderson 2006). Since
the 1930s, land managers have shifted away from historical lightning season fire regimes by
igniting fires almost exclusively during the vegetative dormant season (Van Lear 2000, Knapp et
al. 2009), when weather conditions reduce the dangers associated with prescribed fire (Palik et al.
2002, Ryan et al. 2013). Further, anthropogenic climate change is expected to advance lightningcaused fires earlier in the year (Stocks et al. 1998) and generally lengthen natural fire seasons
(Flannigan et al. 2009).
Just as fire has numerous ecological effects, so too can the timing of fire. Fire timing can
affect when plants produce flowers, fruit, and seeds (Platt et al. 1988, Lashley et al. 2015), each of
which are important resources for an array of wildlife. Along with changes in plant nutrient content
after fire, fire timing may affect when pulses of high-nutrient resources are available to wildlife
(Brockway et al. 2002). Herbivores have evolved to synchronize nutritionally stressful life history
events such as gestation and lactation with resource pulses that occur predictably each year
(Bronson 1989, Post et al. 2003). Many studies have found a negative effect of climate change on
the synchronizing of food resource pulses and reproduction times in herbivores (Post and
Forchhammer 2008, Plard et al. 2014, Ross et al. 2017). However, it is unclear what effects
3

phenological asynchrony will have on wildlife in areas affected by fire timing mismatch. If the
phenology of fire and consequent nutrient pulses change, herbivores must track the change in time
or suffer from a phenological mismatch that may negatively affect fitness.
Gopher tortoises (Gopherus polyphemus) are a keystone species that inhabit the longleaf
pine ecosystem of the southeastern United States (Eisenberg 1983). Due to habitat loss and
subsequent population declines, gopher tortoises are federally listed as threatened in the western
part of their range (Fish and Register 1987). Fire suppression in the 20th century resulted in
hardwood encroachment and canopy closure, reducing light availability for early successional
habitat through much of their range (Auffenberg et al. 1982, Diemer 1986). Studies have estimated
that excluding fire for eight years can reduce tortoise abundance by 60-80% (Diemer 1989), and
completely eliminate populations within 16 years (Auffenberg et al. 1982). Early successional
areas created by fire, lead to higher grass and forb cover, which are main components of the tortoise
diet (Mushinsky et al. 2003, Ashton and Ashton 2008). Habitat degradation may have also been
caused by igniting fires almost exclusively in the vegetative dormant season, resulting in a less
diverse plant community (Yager et al. 2007).
The effects of shifting fire phenology may be compounded by competition with whitetailed deer (Odocoileus virginianus). While fire tends to benefit tortoises, it can also increase the
suitability of habitat for deer, which are attracted to recently burned areas (Cherry et al. 2018). The
attraction of deer to burned areas can generate indirect effects of fire on plant community structure
through herbivory (Westlake et al. 2020). Increased deer herbivory can reduce plant biomass and
have indirect effects on other animal species within the community (McShea and Rappole 1992,
Balgooyen 1995). More specifically, deer at high densities have been shown to significantly
decrease quantity and quality of forbs, which gopher tortoises rely on for nutrient rich foods
4

(Augustine and Frelich 1998, Anderson et al. 2004, Waller 2008). Since fire can affect the
abundance and quality of plants that both species rely upon, fire timing and deer density could play
a role in conservation of gopher tortoise populations.
Studies have focused on the effect of fire timing on plant nutrients (Andersen et al. 1998,
Brockway et al. 2002, Boring et al. 2005), but none have related these effects to gopher tortoise
nutrient requirements. Fire can influence plant stoichiometry in ways that may directly affect
tortoises. For example, fire tends to increase calcium in plant tissue (Christensen 1977, Brockway
et al. 2002), and calcium is one of the most important nutrients for tortoise bone and shell growth,
egg production, and oviduct contraction (Innis 1994, Sahoo et al. 1998). Similarly, foliar
phosphorous content, which is also important for bone growth, generally increases after fire
(Christensen 1977, Singh 1993, Brockway et al. 2002). However, an excess of phosphorous
compared to calcium (Ca:P ratio) in the diet of some reptiles can cause depletion of calcium and
decrease the ability of animals to absorb calcium from food (Innis 1994, Frye 1997). Although it
is unknown what the ideal Ca:P is for gopher tortoises, insights can be gained from closely related
species. A study on juvenile Galapagos giant tortoises (Geochelone nigra) found that a higher Ca:P
(3.9:1 vs 6.7:1), nearly doubled the digestibility of Ca, and increased P digestibility (Liesegang et
al. 2001). Similarly, a study on Hermann’s tortoises (Testudo hermanni) found that a higher Ca:P
(3:1 vs 6:1), dramatically increased digestibility of both Ca and P (Liesegang et al. 2007).
Unfortunately, previous research has not identified how gopher tortoise nutritional
demands change through the year. Tortoises are likely to have increased nutrient requirements
during at least two periods. First, adult female tortoises need additional calcium during egg
production, and, second, juveniles exhibit increased nutrient demands for bone and shell growth
(Fledelius et al. 2005, Moore and Dornburg 2014). Tortoises mate in the spring and deposit eggs
5

in May-July, approximately 60 days after copulation (Ashton and Ashton 2008). Thus, early spring
fires may produce pulses of nutrient-rich foods that benefit females in spring. However the
hatchlings, which emerge after 80-100 days of incubation (Epperson and Heise 2003), may benefit
from nutrient-pulses produced by summer fires. Indeed, two-year-old captive-reared gopher
tortoises raised on diets of high Ca:P grew significantly faster than wild tortoises of the same age
(Holbrook 2015), and wild tortoises could benefit from increased nutrients in forage plants
following prescribed fire. Therefore, understanding the effects of fire timing on plant nutrient
content and plant community responses will help better manage wild gopher tortoises.
In this study, we test the hypothesis that the timing of fire mediates the effects of fire on
gopher tortoises and deer. We first used microhistological analysis to evaluate the prediction that
tortoises and deer consume the same food resources (Prediction 1). Concurrently, we conducted a
manipulative field experiment to compare the effects of fire during March and July to test several
predictions. We predicted that fire timing would alter plant community structure and composition
(Prediction 2). We also predicted that fire timing would change the nutritional landscape by
altering nutrient content of plants that regenerate after fire (Prediction 3). Finally, we predicted
that timing of fire will affect tortoise and deer activity (Prediction 4). Taken together, these
comparisons provide unique insight into the effects of fire timing and how it may affect terrestrial
communities.
1.3
1.3.1

Methods
Study area
Our study was conducted between October 2017 and November 2019 at Camp Shelby Joint

Forces Training Center (CSJFTC), 23 km south of Hattiesburg, MS, USA (Figure 1.1). This
approximately 54,000 hectare National Guard training installation is located in the longleaf pine
6

ecosystem (Lee 2009). CSJFTC and the adjacent Desoto National Forest provide the home of the
largest contiguous populations of gopher tortoises in Mississippi (Diemer 1986, Yager et al. 2007).
1.3.2

Tortoise and deer diet
We characterized tortoise and deer diet using microhistological analysis of fecal samples.

Fecal samples were opportunistically collected across the study area and throughout the duration
of the study (212 samples for gopher tortoises and 60 for deer). Most fecal samples from deer were
collected from deceased deer in the autumn of 2017 by National Guard Wildlife Biologist during
deer population control. Other deer samples were collected as seen in the summers of 2018 and
2019. We collected tortoise fecal samples from burrow aprons during tortoise activity seasons
starting in the autumn of 2017 and continuing through the end of 2019 summer.
Fecal samples collected in the field were brought back to Mississippi State University and
frozen to maintain freshness. Samples were then placed in paper bags and dried to constant mass
before being shipped to the Micro Composition Laboratory in Broomfield, CO for analysis. The
lab used techniques developed by (Sparks and Malechek 1968). The analyst at Micro Composition
Laboratory ground fecal samples over a 1-mm mesh screen before mounting on microscope slides.
Analysts scanned 20 separate fields of view on each slide. In each field, a unique identifiable silica
structure of a digested plant was found and identified to Genus.
All statistical analyses were conducted using the statistical computing language R (R Core
Team 2016). We cross referenced microhistological data for deer and tortoises to determine how
many common plant genera deer and tortoises consumed. We analyzed diet overlap by performing
a permutational multivariate analysis of variance (PERMANOVA) based on dissimilarities with
999 permutations using the adonis function in the Vegan package in R (Oksanen et al. 2019). We
conducted a non-metric multidimensional scaling analysis to visualize the differences in deer and
7

tortoise diets using the Vegan package (Oksanen et al. 2019). Indicator species analysis was then
conducted to determine which plant genera were found significantly more often in deer and tortoise
fecal samples using the indicspecies package (De Cáceres et al. 2010).
1.3.3

Manipulative field experiment
In February of 2018, we established a field experiment to evaluate the effects of different

fire timing. Our design used 36 experimental plots (10 m x 15 m) in active tortoise habitat
(determined by placing plots within 8 m of active or recently active tortoise burrows; Figure 1.2).
Most plots were oriented in the same direction as corresponding burrow aprons, although the
position of firebreaks and other features required some plots to be oriented differently (Figure 1.2).
Firebreaks were made ~2m outside the plot boundary by disking the soil with a utility task vehicle
and a pull-behind 8-blade disc harrow (Tarter Farm and Ranch Equipment) that had a 1.22 m
cutting width. Plots were randomly assigned to one of four plot treatments (n = 9): unburned,
March fire, July fire, or a split plot that contained both burning types. Split plots were designed for
plant nutrient sampling. To create split plots, we used a 40 cm wide rototiller to create a firebreak
down the middle that split the plot into two sections measuring (5 m x 15 m). To control for any
potential effects of split-plot tilling, we tilled down the middle of all plots (split and non-split
plots). In 2019, uncontrollable events reduced our sample size to (n = 8) in unburned, March fire,
and split plot treatments.
In 2018, one plot designated March fire was burned in November (2017), but data from
this plot did not alter the results of our study. Due to uncontrollable weather, the March fire half
of split plots were burned in the first week of May (2018), however, plant nutrient data was only
collected from these plots in 2019. In 2019, all plots designated March fire were burned in March,
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including split plots. All plots designated July fire were burned in July in both 2018 and 2019. All
burning was conducted by Mississippi Army National Guard burn crews.
Plots were located within a variety of habitat types, in order to include multiple habitat
types where tortoises are found on CSJFTC. More than half of the plots were established in
powerline rights-of-way, previously maintained by herbicide and fire. There is no tree canopy in
these plots, and vegetation mainly consisted of native grasses and forbs. A quarter of the plots
were in a thinned, mixed pine/hardwood stand with an open canopy maintained by fire. Vegetation
varied from grasses, forbs, legumes, woody vines, waxy woody species, and hardwood seedlings.
A few plots were established in thinned or clear-cut pine stands, with vegetation similar to plots in
pine/hardwood stands. Remaining plots were in open fields or recreational areas close to roadsides.
They generally contained more non-native grasses, mixed with native grasses and forbs.
1.3.4

Plant community responses
We conducted plant surveys in all plots to determine how the timing of burns affected

percent cover, plant height, plant community composition, species richness, and species evenness
(Prediction 2). Transects were sampled in early autumn each year (last week of September in 2018
and the first week of October in 2019). This gave ~10 weeks in 2018 and ~12 weeks in 2019 for
vegetation to respond following July burns.
Each plot survey consisted of three haphazardly sampled 3 m transects on each side of the
middle tiller line, resulting in six 3 m transects for each plot survey. We used the line intercept
method, as this is a common method to determine percent cover with transect sampling (Canfield
1941). The line intercept method is conducted by beginning at the start of the transects (0 cm) and
surveying the length of the transects of any plants that intercept the transect. For each plant that
intersects the transit we characterized plants to species and recorded the length from beginning to
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end point that each species crossed the tape. Percent cover of each species found in each plot was
calculated by dividing the total distance recorded from each species by the total distance of
transects measured in the plot. The short stature of tortoises means that tall plants may not be
accessible to them. Thus, to estimate the accessibility of plants to tortoises, we measured plant
height at the 1 m, 2 m, and 3 m point on each transect.
We analyzed plant community responses in four ways. First, we calculated percent cover
of plant functional groups from line intercept transects and then converted to proportions for
analyses. We focused analyses on the three main functional groups that deer and tortoises were
consuming; grasses, forbs, and woody plants. We tested for main effects of fire treatment and year
as well as treatment × year interaction on proportional coverage of plant functional groups using
a beta regression model with a “logit” transformation in the betareg package in R (Zeileis et al.
2010). For percent cover data we compared differences of fire treatment between years and across
treatments within years using a Tukey’s test on the least-square means (Lenth and Lenth 2018).
Second, we analyzed plant height using a linear mixed-effect model with the LME4
package in R (Bates et al. 2015). We tested for main effects of fire treatment and year as well as
treatment × year interaction. We treated plant species as a random effect to account for the
variability in growth from different species. For plant height we compared differences of fire
treatment between years and across treatments within years using a Tukey’s test on the least-square
means (Lenth and Lenth 2018).
Third, we used raw numbers from line intercept transects to test for the effect of fire
treatment on plant community composition using a permutational multivariate analysis of variance
(PERMANOVA) based on dissimilarities with 999 permutations using the adonis function in the
Vegan package in R (Oksanen et al. 2019). We conducted a multilevel pairwise comparison using
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the “pairwise.adonis” function to determine differences in fire treatment on the plant community.
We performed a non-metric multidimensional scaling analysis (NMDS) in the Vegan package to
visualize how plant community composition was affected by fire treatment. Indicator species
analysis was then conducted to determine if any plant species were found significantly more often
in fire treatments using the indicspecies package (De Cáceres et al. 2010).
Fourth, we calculated measurements for species richness as well as species evenness using
the Vegan package in R (Oksanen et al. 2019). We used a generalized linear model with a Poisson
distribution to test for main effects of fire treatment and year as well as treatment × year interaction
on species richness. We used a generalized linear model with a Quasi-Binomial distribution to test
for main effects of fire treatment and year as well as treatment × year interaction on species
evenness. For species richness and evenness, we compared differences of fire treatment between
years and across treatments within years using a Tukey’s test on the least-square means (Lenth and
Lenth 2018). All analyses were interpreted with an alpha value of 0.05. All model assumptions
were evaluated visually using QQ plots, residual plots, and likelihood profiles, as appropriate.
1.3.5

Plant nutrient content
To measure how fire timing affects plant nutrient content in regenerating plants (Prediction

3), we used line transect data from 2018 to determine which plants would be analyzed in 2019.
We determined what the five most prevalent plant species were in the split plots after the 2018
vegetation sampling, and in 2019, leaves were collected from these five plant species in the split
plots to be analyzed for nutritional quality. In one plot, leaves were only collected from three plant
species due to the lack of diversity and abundance of plants for sampling. We collected plants in
split plots, because we could sample from the March fire half, July fire half, and the outside of the
plot that was unburned. In 2019, sample size for plant nutrient sampling was reduced to (n = 6)
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due to management practices occurring in the unburned area outside the plots. These included
mulching and mowing that would have caused plants in the unburned area to respond differently
than they would to fire treatments alone. Plant samples were collected roughly six weeks (May)
and twelve weeks (June) after March burning, and six weeks after July burning (August). These
time frames were chosen to test how plant nutrient content was affected recently after fire and
changed over time in response to fire treatments. Plant samples were placed in paper bags and
dried in a convection oven until they reached constant mass. Samples were sent to Custom
Laboratory in Monett, MO where analysts conducted tests for crude protein, calcium, and
phosphorus.
We conducted plant nutrient content analysis on crude protein, phosphorus, calcium, and
the Ca:P ratio for the species sampled in each split plot. This gave us an estimate of the amount of
nutrients available to deer and tortoises in the most abundant plant species. The Ca:P ratio was
calculated and analyzed because this ratio can affect the amount of each nutrient animals can
absorb. We tested for main effects of fire treatment and month as well as treatment × month
interaction on plant nutrient contents using a linear mixed effects model in the LME4 package in
R (Bates et al. 2015). Month in this case stands for the sampling time. May sampling was six weeks
after March burns, June was twelve weeks after March burns, and August was six weeks after July
burns. We treated plant species as a random effect to account for variation of nutrients in different
species of plants. Additionally, we treated plots as a random effect to account for variability in site
and soil conditions across the study area. Lastly, we compared differences of fire treatment among
sampling times (months) and across treatments within months using a Tukey’s test on the leastsquare means (Lenth and Lenth 2018).

12

1.3.6

Tortoise and deer activity
To test how timing of fire influenced animal behavior (Prediction 4), we monitored tortoise

and deer use of plots using infrared motion-triggered camera traps (Bushnell Trophy HD Essential,
Overland Park, KS) from April-January (2018) and March-November (2019). Although the
cameras are designed to take a picture when an animal moves in front of the camera, tortoises are
too slow and small to be consistently detected by motion. Therefore, the cameras were also
programmed to take pictures every 30 minutes to supplement our survey of activity. The cameras
were placed in front of the middle firebreak, on the side of the plot closest to the tortoise burrow
(Figure 1.2). For those images that detected animals, we recorded data on what species were
present, number of animals, sex of animal (when possible), time of day, temperature, and behavior
of individuals.
To test how fire timing affected animal behavior, we analyzed detection data in two ways.
First, we counted total number of pictures detected for gopher tortoises and deer in each plot to
determine the difference in detections seen for each fire treatment throughout both field seasons.
We analyzed gopher tortoise and deer detections throughout the field seasons with a generalized
linear model to test for a main effect of fire treatment and year as well as treatment × year
interaction using a Quasi-Poisson distribution to account for overdispersion. When significant
effects were found, we compared differences of fire treatment between years and differences
among fire treatments within years using a Tukey’s test on the least-square means (Lenth and
Lenth 2018).
Second, we counted how many detections we saw in each Julian week (2019) for tortoises
and deer in each plot to determine if fire treatments affected tortoise and deer activity differently
in time periods 12 weeks post-fire. Therefore, we conducted two models each for tortoises and
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deer that tested how fire timing affected activity for 12 weeks post March burns (Julian weeks 1224) and 12 weeks post July burns (Julian weeks 28-40). Due to excess zeros in the data, we used
zero-inflated models using the pscl package in R that tested for the main effect of fire treatment
and week as well as treatment × week interaction on tortoise and deer activity in these time frames.
1.4
1.4.1

Results
Tortoise and deer diet
Microhistological analyses of combined 272 samples detected a total of 72 plant genera.

Although 56 of the plant genera were common to deer and tortoises (Figure 1.3), permutational
multivariate analysis of variance (PERMANOVA) revealed that their diets were statistically
distinct (P < 0.001; Figure 1.4). Indicator species analysis revealed tortoise diet was dominated by
grasses (e.g., Panicum, Andropogon, and Paspalum), while deer diet was dominated by woody
plants (e.g., Quercus, Vaccinium, and Rhus) (Table 1.1, Figure 1.5). A full list of plant genera
detected in tortoise and deer diets is included in Appendix A, Table A.1.
1.4.2

Plant community responses
Grasses, forbs, and woody plants differed in their responses to fire treatments and least-

square means of each group are available in Appendix A, Table A.2. We found a main effect of
fire treatment on percent cover of grasses (beta regression model, P = 0.001; Figure 1.6) but year
and the interaction were not significant (P-values > 0.06). Post-hoc analysis did not detect any
differences among treatments after the first year (2018; Tukey tests, P-values > 0.316). However,
after two years of treatments (2019), percent cover of grasses was greatest in March fire treatments
(70.4 ± 7.51 mean ± SE), followed by unburned (51.9 ± 6.91) and July fire treatments (35.0 ±
5.83). Post-hoc analysis detected a difference between March fire treatment and other treatments
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(Tukey tests, P-values < 0.042), but unburned and July fire treatments were not significantly
different (P = 0.254).
We detected main effects of fire treatment and year, as well as an interaction effect on
percent cover of forbs (beta regression model, P-values < 0.001; Figure 1.7). After the first year
of fire treatments (2018), percent cover of forbs was greatest in March fire treatments (35.4 ± 4.94
mean ± SE) compared to unburned (16.0 ± 2.46) and July fire treatments (13.7 ± 1.51). Post-hoc
analysis detected a difference between March fire treatment and the other treatments (Tukey tests,
P-values < 0.001), but unburned and July fire treatments were not significantly different (P =
0.849). However, after two years of fire (2019), the percent cover of forbs did not significantly
differ among fire treatments (Tukey tests, P-values > 0.253).
We found a main effect of fire treatment on percent cover of woody plants (beta regression
model, P = 0.005; Figure 1.8) but year and the interaction were not significant (P-values > 0.069).
After the first year of fire treatments (2018) there were no significant differences among treatments
(Tukey tests, P-values > 0.428). However, after two years (2019), percent cover of woody plants
was significantly greater in unburned treatments (24.8 ± 4.89 mean ± SE) compared to March (6.9
± 2.85) and July fire treatments (6.6 ± 3.11). Post-hoc analysis detected a difference between
unburned and both fire treatments (Tukey tests, P-values = 0.006), but March and July fire
treatments were not significantly different (P = 0.999). A list of the most abundant plant species
in each functional group for 2018 and 2019 can be found in Appendix A, Table A.3.
We detected a main effect of fire treatment on plant height as well as a treatment × year
interactive effect (linear mixed effects model, P-values = 0.006; Figure 1.9). After the first year of
fire treatments (2018), plant height (cm) was greatest in March fire treatment (55.6 ± 2.51 mean ±
SE), followed by unburned treatment (40.8 ± 2.27), then July fire treatment (28.5 ± 2.32). Post15

hoc analysis revealed all treatments were significantly different from each other in 2018 (Tukey
tests, P-values < 0.027). After two years of fire treatments (2019), July fire treatment plant height
was lower (18.5 ± 2.08 mean ± SE) than unburned treatment (34.7 ± 2.33), and March fire
treatment (31.1 ± 1.79). Post-hoc analysis detected a difference between July fire treatment and
the other treatments (Tukey tests, P-values < 0.023), but unburned and March fire treatments were
not significantly different (P = 0.430).
Plant community composition data was analyzed separately by year to understand the
effect of two consecutive years of burning. In 2018, there was no difference among fire treatments
on plant community composition (PERMANOVA based on dissimilarities, P = 0.201; Figure
1.10). However, after two years of fire, there was a significant effect of fire treatment on plant
community composition at the end of the study in 2019 (P = 0.004; Figure 1.11). Pairwise analysis
revealed that the unburned treatment differed from both fire treatments (multilevel pairwise
comparison, P-values < 0.033), but March and July fire treatments were not significantly different
(P = 0.246). Table 1.2 shows the indicator species analyses conducted to determine what plant
species are found significantly more often in each fire treatment, which may be contributing to the
plant community compositional shift.
We detected main effects of fire treatment and year (GLM, P-values < 0.008; Figure 1.12)
on species richness, with no interaction effect (P = 0.090). After one year of fire (2018), species
richness was greater in March fire treatment (29.1 ± 1.93 mean ± SE) compared to unburned (26.7
± 2.61) and July fire treatments (20.9 ± 1.91). Post-hoc analysis revealed that in 2018, species
richness differed in the July fire treatment compared to the other treatments (Tukey tests, P-values
< 0.033), but the unburned treatment did not significantly differ from March fire treatment (P =
0.589). After two years of fire (2019), species richness did not significantly differ among fire
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treatments (P-values > 0.111). Post-hoc test determined the driver of this change was species
richness in the March fire treatment that significantly differed between years (P = 0.001).
We also found a main effect of fire treatment (GLM, P = 0.045; Figure 1.13) on species
evenness. After one year of fire (2018), species evenness was highest in July fire treatments (0.269
± 0.011 mean ± SE) compared to unburned (0.239 ± 0.010) and March fire treatments (0.255 ±
0.007). Post-hoc analysis revealed that species evenness differed in July fire and unburned
treatments (Tukey tests, P = 0.042), but March fire treatment did not significantly differ from other
treatments (P-values > 0.388). After two years of fire (2019), species evenness did not significantly
differ among fire treatments (P-values > 0.472). Mean differences and SE of fire treatment on
species richness and evenness can be found in Appendix A, Table A.4.
1.4.3

Plant nutrient content
Crude protein, phosphorus, calcium, and the Ca:P ratio differed in their responses to fire

treatments and least-square means of nutrients in response to fire treatment and sampling time are
available in Appendix A, Table A.5. We did not detect a main effect of fire treatment on crude
protein, but there was a main effect of sampling month and an interaction effect of treatment ×
month (linear mixed effects model, P-values < 0.001; Figure 1.14). Plants in the March fire
treatment increased in crude protein by ~16% compared to plants from unburned and July fire
treatments six weeks after March fire, however this difference disappeared when sampled six
weeks later (i.e., 12 weeks after March fire). Post-hoc analysis detected a difference in crude
protein in May between March fire treatment and the other treatments (Tukey tests, P-values <
0.001), but unburned and July fire treatments were not significantly different (P = 0.993). Plants
from the July fire treatment increased in crude protein by ~14-16% compared to plants from
unburned and March fire treatments six weeks after July fire. Post-hoc analysis detected a
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difference in crude protein in August between July fire treatment and the other treatments (Tukey
tests, P-values < 0.009), but unburned and March fire treatments were not significantly different
(P = 0.914).
In our analysis of phosphorus content, we found main effects of fire treatment and sample
month, as well as an interactive effect of treatment × month (linear mixed effects model, P-values
< 0.002; Figure 1.15). Plants from the March fire treatment increased in phosphorus by ~25-26%
compared to plants from unburned and July fire treatments six weeks after March fire, however
this difference disappeared when sampled six weeks later (i.e., 12 weeks after March fire). Posthoc analysis detected a difference in phosphorus in May between March fire treatment and the
other treatments (Tukey tests, P-values < 0.001), but unburned and July fire treatments were not
significantly different (P = 0.987). Plants from the July fire treatment increased in phosphorus by
~47-49% compared to plants from unburned and March fire treatments six weeks after July fire.
Post-hoc analysis detected a difference in phosphorus in August between July fire treatment and
the other treatments (Tukey tests, P-values < 0.001), but unburned and March fire treatments were
not significantly different (P = 0.972).
We did not find main effects of fire treatment or sample month on percent calcium but
there was a significant interactive effect of treatment × month (P = 0.027; Figure 1.16). There were
no significant effects of fire treatment on calcium six or twelve weeks after March fire. However,
plants from the July fire treatment decreased in calcium by ~21-30% compared to plants from
unburned and March fire treatments in August, six weeks after July fire. Post-hoc analysis detected
a difference in calcium in August between unburned and July fire treatments (Tukey tests, P =
0.003), but March fire treatment did not significantly differ from unburned (P = 0.559) or July fire
treatments (P = 0.059).
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In our analysis of the Ca:P ratio, we found a main effect of fire treatment and sample month,
as well as an interaction effect of treatment × month (linear mixed effects model, P-values < 0.011;
Figure 1.17). In plants from the March fire treatment, the Ca:P ratio was decreased by ~52-58%
compared to plants from unburned and July fire treatments six weeks after March fire, however
this difference disappeared when sampled six weeks later (i.e., 12 weeks after March fire). Posthoc analysis detected a difference in Ca:P in May between March fire treatment and the other
treatments (Tukey tests, P-values < 0.025), but unburned and July fire treatments were not
significantly different (P > 0.956). In plants from the July burn treatment, the Ca:P ratio was
decreased by ~118-130% compared to plants from unburned and March fire treatments six weeks
after July fire. Post-hoc analysis detected a difference in Ca:P in August between July fire
treatment and the other treatments (Tukey tests, P-values < 0.001), but unburned and March fire
treatments were not significantly different (P = 0.840). A full list of plant species sampled with
averages for crude protein, phosphorus, calcium, and the Ca:P ratio in response to fire treatment
and sampling time are available in Appendix A, Table A.6.
1.4.4

Tortoise and deer activity
We did not find any significant effects of fire treatment or year on deer detections (GLM,

P-values > 0.200; Figure 1.18). However, we found a main effect of fire treatment and year (GLM;
P-values < 0.003) on tortoise detections, but no significant interaction effect of treatment × year
(P = 0.885; Figure 1.19). In both years the greatest number of tortoise detections (photos per field
season) were found in July fire treatments (14.8 ± 2.88, 29.2 ± 5.85 mean ± SE), followed by
March fire treatments (6.22 ± 2.90, 15.6 ± 5.70), then unburned treatments (0.89 ± 0.48, 2.62 ±
1.53). After one year of fire treatments (2018), post-hoc analysis detected a difference in detections
between unburned and July fire treatments (Tukey tests, P = 0.026), but March fire treatment did
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not significantly differ from unburned or July fire treatments (P-values > 0.162). After two years
of fire treatments (2019), Post-hoc analysis detected a difference in detections between unburned
treatment and the other treatments (Tukey tests, P-values < 0.030), but July fire and March fire
treatments were not significantly different (P = 0.129).
In our analyses of deer detections in 2019 in the 12-week periods following March and
July fire treatments, we found a significant effect of week (zero-inflated model, P-values < 0.019)
but no fire treatment or interaction effects (P-values > 0.074; Figure 1.20). In the analyses of
tortoise detections in 2019 in the 12- week period following March fire treatment, we found a main
effect of treatment and week, as well as an interaction effect (zero-inflated model, P-values <
0.004, Figure 1.21). For tortoise detections in this time period post-hoc analysis detected a
difference in detections between July fire treatment and the other treatments (Tukey tests, P-values
< 0.033), but March fire treatment did not significantly differ from the unburned treatment (P =
0.849). In the analysis of tortoise detections in the 12-week period following July fire treatment,
we found significant main effects of treatment and week (P-values < 0.035) with no interaction
effect (P = 0.184). For tortoise detections in this time period following July fire treatment post-hoc
analysis detected a difference in detections among all treatments (Tukey tests, P-values < 0.009).
1.5

Discussion
Our analysis of tortoise and deer diet revealed that these two herbivores consume a wide

variety of plant genera. Although there is evidence for shared resource consumption between these
species in that 56 plant genera were detected in samples of both species, our dissimilarity analysis
revealed that their diets are distinct. Grasses were most common in tortoise diets, and our
experiment revealed that the March fire treatment increased grass availability whereas the July fire
treatment decreased grass availability. Both fire treatments altered the nutritional landscape in
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similar ways, and since this effect is short-lived, fire timing did influence when nutrients were
available. Relative to unburned plots, tortoise detections increased in both burn treatments, with
the most detections in July fire treatment plots.
Tortoise fecal samples were dominated by grasses, especially Panicum, Andropogon,
Paspalum, and Aristida. This is not surprising because previous analyses of tortoise diet say that
the most common plants consumed are grasses, especially Aristida spp. (MacDonald and
Mushinsky 1988, Mushinsky et al. 2003). No single genus of forb was particularly common
(proportions < 0.21), and forbs as a group were found in ~16 percent of microscope slide fields.
This is low compared to the ~79 percent of microscope slide fields that contained grasses. This
may be concerning for managing tortoises as forbs are generally a higher source of calcium that
tortoises, especially juveniles, rely on (Garner and Landers 1981, MacDonald and Mushinsky
1988). It is important to note that forbs are less abundant throughout the study site, and tortoises
may be eating them proportionately to their relative abundance. In our unburned plots, for example,
percent cover of grasses outnumbers forbs ~4:1. In our fecal samples, it was ~5:1. Which indicates
tortoises were generally consuming grasses and forbs in close proportion to their availability. We
also found Pinus in almost half of the fecal samples, which is consistent with previous studies that
found Pinus in a large proportion of scat (Garner and Landers 1981, MacDonald and Mushinsky
1988). Pine needles found in tortoise feces were believed by previous authors to be consumption
of dead leaf litter as there were no visual observations of consumption (MacDonald and Mushinsky
1988). Although dead pine needles could be incidental consumption, determining the accidental
or purposeful ingestion of live or dead pine needles is beyond the scope of our study.
Many of the same plant genera were also found in deer scats, indicating the potential for
exploitation competition between tortoises and deer. Although these two herbivores consume
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many of the same forage plants, our results show they are not focusing on the same plant genera.
However, it is important to point out that deer shift preferences for different plant functional groups
among seasons. For example, (Skinner and Telfer 1974, Arnold and Drawe 1979, Crawford 1982,
Rose and Harder 1985) found that deer show a seasonal shift in diet, as deer consume the highest
amount of forbs in the late spring and early summer and shift to browse and mast throughout the
late summer and autumn. Most fecal samples from deer collected during our study were in late
summer and autumn, when deer have been found to focus on woody browse and hard mast.
Therefore, based on research from other studies, deer may be exploiting larger quantities of forbs
in the spring or early summer when tortoises require larger amounts of calcium from forbs for egg
production. However, we were not able to collect deer fecal samples during that time frame.
Although we have evidence for shared resource consumption between deer and tortoises, we
cannot quantify the intensity of competition throughout the entire tortoise activity season.
In our analysis of species richness fire over two years caused a shift in species richness to
be more similar among fire treatments. The change in species richness was due to March fire
treatment plots having higher richness in the first year, and much lower after two years of fire. The
decrease in species richness could be caused by several factors such as climate conditions (e.g.
precipitation, temperature, etc.), but may also be contributed to the decrease in forbs in March fire
treatment plots we detected in percent cover analyses. When conducting a multivariate
PERMANOVA based on dissimilarities, we found two years of consecutive burning caused plant
community composition to statistically differ between unburned and both fire seasons. This
analysis tested the differences among fire treatments while accounting for each species we found
throughout vegetation sampling each year and used 999 permutations to avoid possible biases.
This compositional shift could be contributed to fire in both seasons reducing woody plant
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encroachment or March fire treatment increasing grass cover after two years of consecutive
burning. Our results show that fire in both seasons can cause plant communities to differ from
unburned areas, although it may take more than one fire to see results.
Percent cover of grasses was greater after two years of March burning. Percent cover of
forbs was greater after one year of March burning; however, forb abundance was reduced in the
March fire treatment plots after two years. These findings show that March fires produced the
greatest abundance of the plant groups tortoises were consuming in our study area, however these
effects were dependent upon year of burn. We found that fire in both fire treatments reduced the
percent cover of woody plants compared to unburned treatment. This is consistent with other
studies (Boyer 1993, Drewa et al. 2006) and suggests that a lack of fire can lead to hardwood
encroachment that would negatively affect tortoise habitat (Auffenberg et al. 1982, Diemer 1989).
Our results suggest that fire timing influences the abundance of plant functional groups on the
landscape that can result in affecting plants required for tortoise food and habitat.
Our results on plant nutrient content support our prediction that fire timing will affect the
nutritional landscape. Both fire treatments increased crude protein and phosphorus at six weeks
post-burn, whereas, calcium and the Ca:P were decreased in these time frames. These differences
disappear at twelve weeks post-burn, although we only measured at this time point for the March
fire treatment because twelve weeks post-July fire was late in the autumn. This is consistent with
current literature finding nutrient pulses post-fire are not long lasting (Van de Vijver et al. 1999,
Eby et al. 2014). Elevated calcium and Ca:P has shown to be beneficial for other tortoise species
(Liesegang et al. 2001, Fledelius et al. 2005, Liesegang et al. 2007) and is thought to be true for
gopher tortoises during egg production and hatchling growth. Although the Ca:P ratio was reduced
at six weeks post-fire, the ratios in our plant samples never reached values that would be considered
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alarming for tortoise management (Ca:P ratios > 1.49:1). Unfortunately, it is currently unknown
when calcium is most limiting for gopher tortoises and what the most appropriate Ca:P ratio is for
tortoises to maximize egg production and growth. Managers may be able to strategically increase
foliar nutrient content to benefit tortoises by burning several weeks before critical periods of life
history events. Providing heterogeneity in burn times throughout the year might be an effective
way to maintain higher levels of Ca and the Ca:P ratio throughout the gopher tortoise activity
season.
Despite the changes in plant community composition and nutrients, we found no effect of
fire timing treatments on deer detections. However, gopher tortoises were detected more often in
the burn treatment plots compared to unburned and most active in the July fire treatment plots in
both years. This could be that fire treatments produced more resources by providing higher foliar
plant nutrients at certain points in the year. However, it is important to note that July fires also
maintained a lower plant height than other treatments. Although, we only measured plant height
at ~10-12 weeks after July fires, March fires would have reduced plant heights earlier in the year,
but we did not measure height in a close enough time frame. Nevertheless, shorter plants could
also be attractive to the short-statured tortoise who are adapted to consume plants lower to the
ground (15-30 cm) depending on tortoise age (Ashton and Ashton 2008). There may also be a
detection bias because shorter plants make it easier to see tortoises but disentangling the cause for
increased detections in July fire treatments is not possible with our experimental design.
Although our study was not designed to address fire frequency, anecdotal observations
suggest that it may be important. After one year of fire, we did not detect any significant effects
of fire treatment on percent cover of grasses, woody plants, or plant community composition, but
we did see a fire treatment effect on forbs. However, after two years of fire treatments we found
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fire treatment effects on percent cover of grasses, woody plants, and plant community composition,
but the effect of fire treatment on forbs was not seen. This is consistent with numerous studies that
have concluded that a single year of fire or biennial burning is not as effective as annual burning
to shift plant communities to that of historical lightning season fires (Drewa et al. 2002,
Glitzenstein et al. 2003, Yager et al. 2007). This suggests that multiple aspects of a prescribed fire
regime (e.g. fire season, frequency, or intensity) could have biological effects on plant
communities and in turn animal responses. Managers should consider all aspects of the fire regime
when determining the strategy for managing a species of concern.
1.6

Conclusion
Our results provide evidence that fire can be an important management tool for gopher

tortoises. While we found differences in fire timing treatments, fire at both times was more
advantageous for gopher tortoises compared to unburned treatments. Therefore, our study suggests
the importance of fire at any time of the year for herbivores. While timing of fire had different
effects, managers must also consider other factors, such as human safety. Burning during the
vegetative dormant season (March) has fewer risks than vegetative growing season burns (July)
(Palik et al. 2002, Ryan et al. 2013) and was not necessarily worse for tortoises than July burns.
However, fire timing does matter and had measurable effects on individual plant species, plant
communities, plant nutrients, and animal behavior, and investigating the impacts of these effects
on gopher tortoise conservation is a laudable next step. Just as humans are altering Earth in
unprecedented ways, so too will natural resource management be challenged in unprecedented
ways. Investigating the nuances of these novel environmental stressors, including the timing of
fire and other events, will be essential to ensure the conservation of gopher tortoises and other
species of concern.
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Table 1.1

Table showing indicator species analysis conducted to determine the plant genera
that were found significantly more often in gopher tortoise and white-tailed deer
fecal samples collected during May-November of 2017-2019 at Camp Shelby Joint
Forces Training Center, Mississippi, USA.
Species

Deer

Genus

p

Genus

p

Quercus

0.001

Conyza

0.001

Rhus

0.001

Callicarpa

0.001

Vaccinium

0.001

Rosa

0.001

Dalea

0.001

Unknown forb I

0.001

Elephantopus

0.001

Amelanchier

0.001

Lonicera (stem)

0.001

Rumex

0.002

Galium

0.001

Opuntia

0.005

Acalypha

0.001

Unknown forb IV

0.041

Croton

0.001

Panicum

0.001

Aristida

0.005

Andropogon

0.001

Eragrostis

0.010

0.001

Pinus

0.031

Muhlenbergia

0.002

Grass seed & Glume

0.049

Unknown forb III

0.004

Gopher tortoise Paspalum
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Table 1.2

Table showing indicator species analyses conducted to determine what plant
species are found significantly more often in each fire treatment sampled
September-October of 2018-2019 following unburned treatments and fire
treatments from March 2018-19 and July 2018-19 at Camp Shelby Joint Forces
Training Center, Mississippi, USA.
2018
Treatment

Unburned

March

Unburned

March

July

Species
Vaccinium shrub
Vaccinium spp.

p
0.016

turkey oak
Quercus laevis

0.023

juniper leaf
Polypremum procumbens

0.037

flaxleaf whitetop aster
Ionactis linariifolius

0.001

goldenrod
Solidago spp.

0.004

Maryland goldenaster
Chrysopsis mariana

0.012

tick trefoil
Desmodium spp.

0.015

common threeseed mercury
Acalypha rhomboidea

0.015

inkberry
Ilex glabra

0.022

2019
partridge pea
Chamaecrista fasciculata

0.018

loblolly pine
Pinus taeda

0.023

pineywoods dropseed
Sporobolus junceus

0.016

wiregrass
Aristida spp.

0.031

narrowleaf silkgrass
Pityopsis graminifolia

0.017
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Figure 1.1

Map of study area located at Camp Shelby Joint Forces Training Center, 23 km south
of Hattiesburg, MS, USA.
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Figure 1.2

Diagram of experimental burning plot for unburned and prescribed fire season
treatments (March, July, and Split) used at Camp Shelby Joint Forces Training
Center, Mississippi, USA in 2018 and 2019. Plots were divided by a middle fire
break to incorporate split plots with fire treatments on both sides for plant nutrient
sampling. To control for the effects of tilling, a middle fire break was added for all
treatments. Camera traps were placed in front of middle fire breaks on the side of
plots closest to corresponding tortoise burrows.
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Figure 1.3

Venn diagram showing the number of plant genera that were found separately in
gopher tortoise and white-tailed deer fecal samples and the number of plant genera
found in both species’ fecal samples collected during May-November of 2017-2019
at Camp Shelby Joint Forces Training Center, Mississippi, USA.
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Figure 1.4

Non-metric multidimensional scaling analysis showing a visual dissimilarity
(permutational multivariate analysis of variance based on dissimilarities, P < 0.001)
between gopher tortoise and white-tailed deer fecal samples collected during MayNovember of 2017-2019 at Camp Shelby Joint Forces Training Center, Mississippi,
USA.
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Figure 1.5

Scatter plot showing the greatest proportions of plant genera found in gopher tortoise
and white-tailed deer fecal samples collected during May-November 2017-2019 at
Camp Shelby Joint Forces Training Center, Mississippi, USA.
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Figure 1.6

Box-and-whisker plot showing percent cover of grasses sampled SeptemberOctober of 2018-2019 following unburned treatments and fire treatments from
March 2018-19 and July 2018-19 at Camp Shelby Joint Forces Training Center,
Mississippi, USA.

a

Within years, treatments with the same lowercase letter do not differ (Tukey’s test on leastsquare means, α = 0.05).
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Figure 1.7

Box-and-whisker plot showing percent cover of forbs sampled September-October
of 2018-2019 following unburned treatments and fire treatments from March
2018-19 and July 2018-19 at Camp Shelby Joint Forces Training Center,
Mississippi, USA.

a

Within years, treatments with the same lowercase letter do not differ (Tukey’s test on leastsquare means, α = 0.05).
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Figure 1.8

Box-and-whisker plot showing percent cover of woody plants sampled SeptemberOctober of 2018-2019 following unburned treatments and fire treatments from
March 2018-19 and July 2018-19 at Camp Shelby Joint Forces Training Center,
Mississippi, USA.

a

Within years, treatments with the same lowercase letter do not differ (Tukey’s test on leastsquare means, α = 0.05).
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Figure 1.9

Box-and-whisker plot showing plant height (cm) sampled September-October of
2018-2019 following unburned treatments and fire treatments from March 2018-19
and July 2018-19 at Camp Shelby Joint Forces Training Center, Mississippi, USA.

a

Within years, treatments with the same lowercase letter do not differ (Tukey’s test on leastsquare means, α = 0.05).
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Figure 1.10

Non-metric multidimensional scaling analysis showing plant community
composition similarities (permutational multivariate analysis of variance based on
dissimilarities, P = 0.201) sampled September 2018 following unburned treatments
and fire treatments from March 2018 and July 2018 at Camp Shelby Joint Forces
Training Center, Mississippi, USA.

Solid lines show that treatments do not differ.
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Figure 1.11

Non-metric multidimensional scaling analysis showing plant community
composition dissimilarities (permutational multivariate analysis of variance based
on dissimilarities, P = 0.004) sampled October 2019 following unburned
treatments and fire treatments from March 2019 and July 2019 at Camp Shelby
Joint Forces Training Center, Mississippi, USA.

Solid lines show that treatments do not differ, dashed lines show difference (multilevel pairwise
comparison, P-values < 0.033).
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Figure 1.12

Box-and-whisker plot showing species richness sampled September-October of
2018-2019 following unburned treatments and fire treatments from March 2018-19
and July 2018-19 at Camp Shelby Joint Forces Training Center, Mississippi, USA.

a

Within years, treatments with the same lowercase letter do not differ (Tukey’s test on leastsquare means, α = 0.05).
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Figure 1.13

Box-and-whisker plot showing species evenness sampled September-October of
2018-2019 following unburned treatments and fire treatments from March 2018-19
and July 2018-19 at Camp Shelby Joint Forces Training Center, Mississippi, USA.

a

Within years, treatments with the same lowercase letter do not differ (Tukey’s test on leastsquare means, α = 0.05).
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Figure 1.14

Box-and-whisker plot showing crude protein (%) found in all plant species
sampled in unburned treatments and fire treatments from March 2019 and July
2019, 6 weeks post March fire (May), 12 weeks post March fire (June), and 6
weeks post July fire (August) at Camp Shelby Joint Forces Training Center,
Mississippi, USA.

a

Within sampling months, treatments with the same lowercase letter do not differ (Tukey’s test
on least-square means, α = 0.05).
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Figure 1.15

Box-and-whisker plot showing phosphorus (%) found in all plant species sampled
in unburned treatments and fire treatments from March 2019 and July 2019, 6
weeks post March fire (May), 12 weeks post March fire (June), and 6 weeks post
July fire (August) at Camp Shelby Joint Forces Training Center, Mississippi, USA.

a

Within sampling months, treatments with the same lowercase letter do not differ (Tukey’s test
on least-square means, α = 0.05).
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Figure 1.16

Box-and-whisker plot showing calcium (%) found in all plant species sampled in
unburned treatments and fire treatments from March 2019 and July 2019, 6 weeks
post March fire (May), 12 weeks post March fire (June), and 6 weeks post July fire
(August) at Camp Shelby Joint Forces Training Center, Mississippi, USA.

a

Within sampling months, treatments with the same lowercase letter do not differ (Tukey’s test
on least-square means, α = 0.05).
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Figure 1.17

Box-and-whisker plot showing the calcium to phosphorus ratio found in all plant
species sampled in unburned treatments and fire treatments from March 2019 and
July 2019, 6 weeks post March fire (May), 12 weeks post March fire (June), and 6
weeks post July fire (August) at Camp Shelby Joint Forces Training Center,
Mississippi, USA.

a

Within sampling months, treatments with the same lowercase letter do not differ (Tukey’s test
on least-square means, α = 0.05).
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Figure 1.18

Box-and-whisker plot showing white-tailed deer camera trap detections sampled
April-January (2018) and March-November (2019) following unburned treatments
and fire treatments from March 2018-19 and July 2018-19 at Camp Shelby Joint
Forces Training Center, Mississippi, USA.

a

Within years, treatments with the same lowercase letter do not differ (Tukey’s test on leastsquare means, α = 0.05).
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Figure 1.19

Box-and-whisker plot showing gopher tortoise camera trap detections sampled
April-January (2018) and March-November (2019) following unburned treatments
and fire treatments from March 2018-19 and July 2018-19 at Camp Shelby Joint
Forces Training Center, Mississippi, USA.

a

Within years, treatments with the same lowercase letter do not differ (Tukey’s test on least
square means, α = 0.05)
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Figure 1.20

a

Line graph showing average white-tailed deer camera trap detections per week and the two time frames compared in
statistical models sampled March-November of 2019 following unburned treatments and fire treatments from March
2019 and July 2019 at Camp Shelby Joint Forces Training Center, Mississippi, USA.

Within fire treatment models, treatments with the same lowercase letter do not differ (Tukey’s test on least-square means, α = 0.05).
Shaded areas represent means ± 1 SD (1.96) * SE.
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Figure 1.21

Line graph showing average gopher tortoise camera trap detections per week and the two time frames compared in
statistical models sampled March-November of 2019 following unburned treatments and fire treatments from March
2019 and July 2019 at Camp Shelby Joint Forces Training Center, Mississippi, USA.

a

Within fire treatment models, treatments with the same lowercase letter do not differ (Tukey’s test on least-square means, α = 0.05).
Shaded areas represent means ± 1 SD (1.96) * SE.
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CHAPTER II
THE THERMAL ECOLOGY OF TORTOISE BURROWS: PREDICTORS OF TORTOISE
ACTIVITY AND PROVIDERS OF THERMAL REFUGE
2.1

Abstract
Climate change is expected to affect species and their interactions within ecological

communities and may impact ecosystem engineers, which could result in cascading consequences
to species that rely on them. Many fossorial species are ecosystem engineers because they create
burrows that are used by other species. This includes the gopher tortoise whose burrows are used
by over 350 animal species. Not only do gopher tortoise burrows provide habitat for many other
species, but burrows may be thermal refuges that stabilize temperatures and offer protection for
tortoises and commensal species during extreme weather events. To better understand how gopher
tortoises may provide thermal refuge for other species, we monitored surface temperatures 0.5 m
above burrows and burrow temperatures 1.5-2.0 m below ground for nine burrows from 20172019. Although burrow temperature was related to surface temperature (r2 = 0.422), burrows
offered a significantly more stable thermal environment (lower coefficient of variation; F-test, P <
0.001) and were relatively unchanged during extreme cold and hot weather events. We
simultaneously monitored gopher tortoise activity with camera traps in 2018 and 2019 to evaluate
how surface and burrow temperature affected tortoise activity. Tortoise activity was significantly
affected by burrow and surface temperatures (GLMs, P-values < 0.001), as tortoises were more
active when burrow and surface temperatures were warmer. When comparing models, we found
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burrow temperature was the best predictor of tortoise activity, although surface temperature and
the difference between surface and burrow temperature were also significant. Our data suggest that
burrows can provide thermal refuge for any species that use them, and therefore the importance of
conserving gopher tortoises is likely to increase in the future.
2.2

Introduction
Ecosystem engineers influence resource availability by creating, modifying, or maintaining

habitats, and they can have a disproportionate effect on ecosystems relative to their abundance
within the ecosystem they modify (Jones et al. 1994). The structures created by these species often
offer environmental stability during stressful periods or extreme weather events. A few examples
are beavers which stabilize ecosystems by substantially increasing water availability on a
landscape even in years of extreme drought (Hood and Bayley 2008) ; reef-building mollusks that
protect coasts from storm events and sea level rise (Borsje et al. 2011); and mound-building
termites that increase water-holding capacity of soil which creates refuge for plants and increases
resistance to drought in arid ecosystems (Dangerfield et al. 1998, Turner 2019). While the role of
ecosystem engineers is well-recognized, the importance of their contribution to environmental
stability is likely to increase with climate change.
One component of climate change that could be impacted by ecosystem engineers is the
degree to which local temperatures may change in response to larger scale climatic changes.
Earth’s average temperature is warming at an unprecedented rate and coupled with an increase in
frequency of extreme weather events, is predicted to alter the ranges of many species. Some
species are expected to expand their ranges to higher latitudes as temperatures warm, but those
already at the warmer edge of their range may suffer contractions (Sunday et al. 2012). Models of
range shifts are generally based on current distributions and the physiology of the organism, and
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notoriously ignore the role of animal behavior (Wong and Candolin 2015, Buchholz et al. 2019).
However, animals often have a suite of behaviors that can be used to maintain homeostasis despite
novel and extreme conditions (Harmon and Barton 2013). For example, mobile animals may
capitalize on thermal heterogeneity to behaviorally thermoregulate (Wolff et al. 2020) or avoid
adverse conditions (Abernathy et al. 2019).
Burrow-creating fossorial animals are common ecosystem engineers (Bangert and
Slobodchikoff 2006, Davidson et al. 2008, Bravo et al. 2009, Desbiez and Kluyber 2013). In
addition to enhancing soil conditions and increasing landscape heterogeneity, they can also provide
shelter with thermal refuge (Reichman and Seabloom 2002, Davidson and Lightfoot 2008, Pike
and Mitchell 2013). Soil is an efficient insulator, and therefore burrows can create microclimates
that are buffered from extreme (e.g. warmer or cooler) aboveground conditions (Hall and Myers
1978, Campbell and Norman 2012). Not only does this provide a refuge for the ecosystem
engineer, but also for other commensal species. For example, the extensive burrow systems created
by European rabbits (Oryctolagus cuniculus) have been documented to provide thermal refuge for
multiple species of reptiles (Bravo et al. 2009).
Gopher tortoises (Gopherus polyphemus) are fossorial ecosystem engineers that can be
located in in the southeastern US (Kinlaw and Grasmueck 2012). Daily and seasonal temperature
fluctuations can be more severe for ectotherms that rely on external sources for regulating body
temperatures, thus making them more sensitive to climate warming (Paaijmans et al. 2013).
However, gopher tortoises can use their burrows to thermoregulate as surface temperatures
fluctuate throughout the year. Tortoises can heat at rapid rates when temperatures are high (Spray
and May 1972), which can result in quickly reaching a thermal maximum temperature near 44°C
(Hutchison et al. 1966). During the extreme summer months, risk of overheating can limit tortoise
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activity, and tortoises have been observed frequently returning to burrows or shaded areas to lower
their body temperature (Ashton and Ashton 2008). As weather events such as multiple days of
extreme heat or cold continue to rise with anthropogenic climate change, tortoise activity could be
decreased.
Gopher tortoise burrows have been used by over 350 animal species (Jackson and Milstrey
1989), making tortoises a keystone species (Catano and Stout 2015). Just as tortoises rely on their
burrows for thermoregulation, they can also provide thermal refuge for a suite of organisms (Walde
et al. 2009, Pike and Mitchell 2013) creating a microclimate for animals to escape extreme
temperatures. These microclimates created by gopher tortoises may mitigate some of the negative
effects of global climate change.
The burrows created by gopher tortoises may be important refuge for tortoises and other
species facing increased frequency of extreme weather events due to climate change. To better
understand the thermal ecology of gopher tortoise burrows and their potential role in mitigating
the effects of climate change, we monitored burrow temperatures, surface temperatures, and
tortoise activity to test two hypotheses. First, we used temperature loggers to calculate the
difference in surface and burrow temperatures to test the hypothesis that burrow temperatures are
more stable than surface temperatures. Although burrows may provide thermal refuge, sheltering
in a burrow comes at the cost of less time spent feeding above ground. Thus, we used camera traps
to quantify tortoise activity at different temperatures to test the hypothesis that increases in
temperature reduce tortoise above-ground activity.
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2.3
2.3.1

Methods
Study area
Our study was conducted between October 2017 and November 2019 at Camp Shelby Joint

Forces Training Center (CSJFTC), 23 km south of Hattiesburg, MS, USA (Figure 1.1). This
approximately 54,000 hectare National Guard training installation is located in the longleaf pine
ecosystem (Lee 2009). CSJFTC and the adjacent Desoto National Forest provide the home of the
largest contiguous populations of gopher tortoises in Mississippi (Diemer 1986, Yager et al. 2007).
2.3.2

Temperature data collection
To avoid disturbing tortoises, we monitored nine inactive tortoise burrows distributed

haphazardly across our study area. At these burrows we deployed two temperature data loggers
(Onset Hobo, Bourne, MA, USA). The first was mounted within an outdoor sensor weather shield
(La Crosse Technology, La Crosse, WI) and attached to an aluminum post 0.5 m above ground
level to record surface temperature. The second was attached to 16-guage galvanized steel wire
and inserted 150-200 cm deep into burrows. All loggers were synchronized and programmed to
record temperatures on the hour for the duration of the experiment.
We deployed temperature loggers on October 1, 2017 and allowed 48 hours to acclimate
to conditions. We collected temperature loggers on December 12, 2017 and brought them back to
Mississippi State University to download data and relaunch loggers. In 2018, we deployed
temperature loggers on May 2, 2018 and collected temperature loggers on January 15, 2019 to
download data and relaunch loggers. In 2019, we deployed loggers on March 23, 2019 and
collected loggers at the end of the study on November 15, 2019 for final data download.
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2.3.3

Tortoise activity
We quantified tortoise activity by using camera trap data collected using methods from

Chapter 1. We monitored tortoise use of plots using infrared motion-triggered camera traps
(Bushnell Trophy HD Essential, Overland Park, KS) from April-January (2018) and MarchNovember (2019). Although the cameras are designed to take a picture when an animal moves in
front of the camera, tortoises are generally too slow and small to be consistently detected by
motion. Therefore, the cameras were also programmed to take pictures every 30 minutes to
supplement our survey of activity. Cameras were at a minimum 8 m away from all active burrows.
Therefore, all activity data collected is on tortoises venturing ≥8 m from burrows in the direction
of plots.
2.3.4

Statistical analyses
We used the nine pairs of temperature loggers at inactive burrows to calculate hourly

average surface and burrow temperature across our study site. For burrows, sample size was n = 7
in 2018 and n = 8 in 2019, due to a logger breaking off below ground, and two loggers
malfunctioning. To determine burrows ability to provide thermal refuge and act as a buffer to
extreme fluctuating temperatures, we subtracted average surface temperatures from average
burrow temperatures for all hours that temperature was recorded in 2017-2019. We recorded the
differences at which the burrow was cooler (negative values) or warmer (positive values) than the
surface temperature.
We began our analyses by conducting a linear model to establish if there was a relationship
between burrow and surface temperatures. We then compared the variation between burrow
temperatures and surface temperatures to determine if they were significantly different than each
other using an F-test with the “var.test” function in R. To determine if burrows were acting as a
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buffer to extreme temperatures, we used a linear model to test if there was a relationship between
changing surface temperatures and the difference of surface temperature subtracted from burrow
temperatures.
For tortoise activity analysis, temperatures were rounded to the nearest whole number to
facilitate binning of tortoise activity for histograms and matching tortoise detections to a
temperature. For each tortoise detection, we determined the closest estimate of surface and burrow
temperature by rounding the time to the nearest hour (because loggers recorded at hourly intervals).
Because tortoises are diurnally active, we restricted our analyses between the hours of the earliest
and latest daily detection in each year. We calculated the proportion of total tortoise detections at
each whole number temperature and we did this separately for each year for both surface and
burrow temperatures. Additionally, we subtracted the burrow temperature from the surface
temperature to determine if the temperature difference between burrow and surface temperature
was triggering tortoise activity. We calculated the proportion of total tortoise detections at each
whole number difference in temperature.
We used generalized linear models to determine how burrow, surface, and the difference
between surface and burrow temperatures affected tortoise activity. We analyzed each year
separately because loggers and cameras were deployed at different times each year which could
affect the proportion of detections at each temperature. To determine what model was the best
predictor of tortoise activity, we calculated and compared QAIC values among the models. The
best models were chosen by determining what the lowest QAIC values were. All model
assumptions were evaluated visually using QQ plots, residual plots, and likelihood profiles, as
appropriate.
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2.4

Results
Burrow temperatures were recorded at a range of 13-27°C throughout our deployment

periods. Burrows ranged from being 20°C warmer than surface temperatures when temperatures
were coldest (-6°C), to 19°C cooler than surface temperature when temperatures were hottest
(43°C). We found that surface temperature and burrow temperature were related (r2 = 0.422, P <
0.001), but burrow temperature had a significantly lower coefficient of variation (F-test, P <
0.001). When comparing surface temperature to the difference in burrow temperature subtracted
from surface temperature, we found that they were significantly related (linear model, r2 = 0.836,
P < 0.001; Figure 2.1).
We found that gopher tortoises were active between the hours of 8:00 and 20:00, with one
outlying detection at 6:00. Therefore, we only included the temperature values at 8:00-20:00 when
comparing activity and temperature. Tortoises were detected at each whole number temperature
when surface temperatures were 18-43°C, when burrow temperatures were 16-27°C, and when the
burrow temperature was 6°C (warmer) - 19°C (cooler) than the surface temperature. Proportion of
tortoise detections were greatest when surface temperatures were 40-43°C, burrow temperatures
were 25-27°C, and when burrow temperatures were 11-15°C cooler than surface temperatures. We
found a significant positive relationship between tortoise activity and burrow temperature, surface
temperature, and the difference between surface and burrow temperature in both years (GLMs, Pvalues < 0.001; Table 2.1, Figure 2.2). When comparing QAIC values, we found the best model
for predicting tortoise activity was burrow temperature (Table 2.1). Graphs showing daily average
surface temperature, daily max surface temperature, daily average burrow temperature, and
tortoise detections per day (2018-2019) can be seen in Figure 2.3.
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2.5

Discussion
Our analysis of the difference in burrow temperature and surface temperature in relation to

surface temperatures support our hypothesis that burrows act as a buffer to extreme fluctuations in
surface temperatures. Burrow temperatures had significantly less variation than surface
temperatures and upheld dramatically warmer and cooler temperatures when surface temperatures
were on extreme ends of the spectrum. In our analyses of tortoise activity, we found that tortoises
became more active as surface and burrow temperatures increased, as well as when burrows
became increasingly cooler than surface temperatures. This did not support our hypothesis that
tortoise activity would decrease as surface temperatures reached yearly maximums.
Although we found a positive relationship between tortoise activity and the three
temperature parameters we tested, burrow temperature models were the best predictor of tortoise
activity. Burrow temperature may have been a better predictor of tortoise activity because these
temperatures were less variable. Surface temperatures were more variable throughout the day
because they are always influenced by weather conditions such as changes in solar energy, wind,
shade, precipitation, etc. Whereas underground burrows are insulated by the soil and temperatures
are not immediately influenced by these weather conditions.
The Earth’s surface is warming at an unprecedented rate with climate change, and
temperatures are predicted to increase throughout the range of gopher tortoises (Melillo et al.
2014). Tortoises did not show declines in activity as surface temperatures increased to yearly
maximums. This was not consistent with our predictions or previous literature observing declines
in tortoise activity at high temperatures (Ashton and Ashton 2008). However, we only detected the
most extreme heat (43°C) for 6 hours of the study period while capturing 4 tortoise detections
during those hours. Besides detecting tortoise activity, (Pike and Mitchell 2013) conducted a
63

similar experiment measuring burrow temperatures and tortoise body temperatures. They
concluded burrows provide a refuge for tortoises to maintain body temperatures during extreme
heating and cooling conditions. Our data suggests that tortoises may be better adapted to handle
increases in surface temperature, as burrows provide refuge that are much cooler environments for
tortoises to escape the extreme heat aboveground.
This study provides further evidence that gopher tortoises are ecosystem engineers who
can provide shelter as well as thermal refuge to an array of organisms that use their burrows. Of
the > 350 animals that have been found to use tortoise burrows, most species are ectothermic
organisms (Jackson and Milstrey 1989). Although all species can be affected by climate change,
it is predicted that ectotherms could be more sensitive to extreme fluctuations in temperatures
(Paaijmans et al. 2013). Therefore, tortoise burrows can act as a buffer to future extreme
temperature fluctuations for a wide range of organisms and may be especially important for species
that depend on abiotic conditions to thermoregulate.
Burrow-creating organisms could be filling similar functional niches across the globe. For
example, burrows created by Egyptian mastigure lizards (Uromastyx aegyptia) and desert tortoises
(Gopherus agassizii) provide thermal refuge to lark species in the Arabian and Mojave desert
ecosystems (Williams et al. 1999, Walde et al. 2009); European badger (Meles meles) dens provide
shelter to other mammal species and act as a buffer to surface temperatures (Mori et al. 2015,
Tsunoda et al. 2018); endangered pygmy blue-tongue lizards (Tiliqua adelaidensis) rely on spider
burrows to thermoregulate in Australia (Milne et al. 2003). Burrows as a source of thermal refuge
has gained attention in the scientific community, and conservationists have even found success in
constructing artificial burrows for species of concern (Grillet et al. 2010, Nadeau et al. 2015). As
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climate change becomes more intense, gopher tortoises and other fossorial species may provide
more stability to ecosystems by providing thermal refuge to commensal species.
2.6

Conclusion
Our results support the idea that gopher tortoise burrows provide an underground

microclimate for tortoises and species that use their burrows. Tortoises may be better adapted to
deal with climate change because they have thermal refuge to retreat to when body temperatures
become too warm. We did not detect a decrease in activity of tortoises as temperatures reached
yearly maximums. This is a positive outlook for tortoises and the other species that rely on them
to construct burrows, because when active they are presumably exhibiting behaviors in attempt to
increase fitness. Our study points out the conservation importance, not only for gopher tortoises,
but other burrow-creating species around the globe. As anthropogenic climate change causes the
Earth to change in unprecedented ways, further investigating the importance of burrows as thermal
refuge will be essential to burrow-dependent species sensitive to extreme weather events.
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Table 1.1

Table showing model selection for gopher tortoise activity in response to surface
temperatures, burrow temperatures, and the degrees difference between surface and
burrow temperatures sampled between 8:00-20:00, May-January (2018) and MarchNovember (2019) at Camp Shelby Joint Forces Training Center, Mississippi, USA.
Model

Year

df

P

r2

QAIC

Detections ~ Surface Temperature

2018

17

<0.001

0.768

21.38

Detections ~ Surface Temperature

2019

24

<0.001

0.871

30.64

Detections ~ Burrow Temperature

2018

10

<0.001

0.756

15.57

Detections ~ Burrow Temperature

2019

10

<0.001

0.821

14.04

Detections ~ Temperature Difference

2018

19

<0.001

0.416

23.38

Detections ~ Temperature Difference

2019

22

<0.001

0.694

27.58
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Figure 2.1

Scatter plot showing the degrees difference of surface temperature subtracted from
burrow temperatures significant relation to surface temperature (linear model, P <
0.001), sampled October-December (2017), May-January (2018), and MarchNovember (2019) at Camp Shelby Joint Forces Training Center, Mississippi, USA.
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Figure 2.2

Scatter plots showing gopher tortoise activity significant relationship to surface
temperatures, burrow temperatures, and the degrees difference between surface
and burrow temperatures (GLMs, P-values < 0.001), sampled between 8:00-20:00,
May-January (2018) and March-November (2019) at Camp Shelby Joint Forces
Training Center, Mississippi, USA
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Figure 2.3

Line plots showing daily tortoise detections, daily average surface temperatures, daily average burrow temperatures, and
daily maximum surface temperatures sampled May-January (2018), and March-November (2019) at Camp Shelby Joint
Forces Training Center, Mississippi, USA.
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APPENDIX A
SUPPLEMENTAL MATERIAL FOR UNDERSTANING THE IMPORTANCE OF FIRE
TIMING AND WHITE-TAILED DEER COMPETITION ON GOPHER TORTOISES
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Table A.1

Table showing full list of plant genera found in gopher tortoise and white-tailed deer
fecal samples collected during May-November of 2017-2019 at Camp Shelby Joint
Forces Training Center, Mississippi, USA.

Plant Genus
Acalypha
Acer
Amelanchier
Andropogon
Aristida
Callicarpa
Carex
Chamaecrista
Commelina
Conyza
Coreopsis
Cornus
Crataegus
Croton
Cyperus
Dalea
Desmodium
Dicanthelium
Diospyros
Draba
Eleagnus
Elephantopus
Eragrostis
Eremochloa
Eupatorium
Euphorbia
Galactia
Galium
Gaylussacia
Hibiscus
Ilex
Lactuca
Lespedeza
Liatris
Lonicera
Ludwigia

Tortoise
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Deer
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Plant Genus
Malvastrum
Mimosa
Muhlenbergia
Opuntia
Oxalis
Panicum
Paspalum
Peltigera
Pinus
Polygala
Prunus
Pycnanthemum
Quercus
Rhus
Rosa
Rubus
Rumex
Ryncospora
Solidago
Tragia
Vaccinium
Vitis
Zexmenia
unknown flower
unknown forb I
unknown forb II
unknown forb III
unknown forb IV
unknown forb V
unknown grass II
unknown grass seed
unknown kernel
unknown legume
unknown moss
unknown seed
unknown seed II
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Tortoise
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Deer
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Table A.2

Least-square mean estimates of percent cover of plant functional groups in
proportions sampled September-October of 2018-2019 following unburned
treatments and fire treatments from March 2018-19 and July 2018-19 at Camp
Shelby Joint Forces Training Center, Mississippi, USA.
Grass
2018

2019

Unburned

x̅
0.61a

SE
0.07

x̅
0.51x

SE
0.07

March

0.58a

0.07

0.74y

0.06

x

0.07

a

July

0.48

Unburned

0.17a

0.07
0.36
Forbs
0.03
0.11x

March

0.35b

0.03

0.14x

0.02

July

0.15a

0.03

Unburned

0.11a

0.02
0.16x
Woody Plants
0.03
0.25x

a

y

0.02

March

0.09

0.03

0.07

0.02

0.05

July
0.07a
0.02
0.07y
0.02
a
Within years, treatments with the same lowercase letter do not differ.

75

Table A.3

Table showing the five most abundant plant species for each functional group found in each fire treatment sampled
September-October of 2018-2019 following unburned treatments and fire treatments from March 2018-19 and July 201819 at Camp Shelby Joint Forces Training Center, Mississippi, USA. Rank 1 is most abundant and rank five is fifth most
abundant.
2018

Treatment

Unburned

Rank

Forbs

Grasses

Woody Plants

1

poorjoe
Diodia teres

dallisgrass
Paspalum dilatatum

common sweetleaf
Symplocos tinctoria

2

juniper leaf
Polypremum procumbens

centipede grass
Eremochloa Büse

loblolly pine
Pinus taeda

3

woolly croton
Croton capitatus

wiregrass
Aristida spp.

winged sumac
Rhus copallinum

4

milkpea
Galactia spp.

Vasey's grass
Paspalum urvillei

blackgum
Nyssa sylvatica

5

narrowleaf silkgrass
Pityopsis graminifolia

green silkyscale
Anthaenantia villosa

longleaf pine
Pinus palustris
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Table A.3 (continued)

March

July

1

poorjoe
Diodia teres

wiregrass
Aristida spp.

yaupon
Ilex vomitoria

2

woolly croton
Croton capitatus

chalky bluestem
Andropogon capillipes

winged sumac
Rhus copallinum

3

narrowleaf sunflower
Helianthus angustifolius

rosette grass
Dichanthelium spp.

loblolly pine
Pinus taeda

4

flaxleaf whitetop aster
Ionactis linariifolius

broomsedge bluestem
Andropogon virginicus

Vaccinium
Vaccinium spp.

5

goldenrod
Solidago spp.

little bluestem
Schizachyrium scoparium

inkberry
Ilex glabra

1

poorjoe
Diodia teres

chalky bluestem
Andropogon capillipes

sassafras
Sassafras albidum

2

narrowleaf silkgrass
Pityopsis graminifolia

bahiagrass
Paspalum notatum

yaupon
Ilex vomitoria

3

roundleaf thoroughwort
Eupatorium rotundifolium

wiregrass
Aristida spp.

Vaccinium
Vaccinium spp.

4

Florida hoarypea
Tephrosia florida

little bluestem
Schizachyrium scoparium

longleaf pine
Pinus palustris

5

Uknown Asteraceae

broomsedge bluestem
Andropogon virginicus

scarlet oak
Quercus coccinea
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Table A.3 (continued)
2019

Unburned

March

1

juniper leaf
Polypremum procumbens

rosette grass
Dichanthelium spp.

turkey oak
Quercus laevis

2

Carolina elephantsfoot
Elephantopus carolinianus

chalky bluestem
Andropogon capillipes

yaupon
Ilex vomitoria

3

poorjoe
Diodia teres

little bluestem
Schizachyrium scoparium

loblolly pine
Pinus taeda

4

Florida hoarypea
Tephrosia florida

wiregrass
Aristida spp.

longleaf pine
Pinus palustris

5

narrowleaf silkgrass
Pityopsis graminifolia

beaked panicgrass
Panicum anceps

Vaccinium
Vaccinium spp.

1

narrowleaf silkgrass
Pityopsis graminifolia

wiregrass
Aristida spp.

inkberry
Ilex glabra

2

poorjoe
Diodia teres

chalky bluestem
Andropogon capillipes

yaupon
Ilex vomitoria

3

tick trefoil
Desmodium spp.

rosette grass
Dichanthelium spp.

longleaf pine
Pinus palustris

4

goldenrod
Solidago spp.

little bluestem
Schizachyrium scoparium

blackgum
Nyssa sylvatica

5

flaxleaf whitetop aster
Ionactis linariifolius

centipede grass
Eremochloa Büse

turkey oak
Quercus laevis
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Table A.3 (continued)

July

1

narrowleaf silkgrass
Pityopsis graminifolia

wiregrass
Aristida spp.

longleaf pine
Pinus palustris

2

poorjoe
Diodia teres

chalky bluestem
Andropogon capillipes

Vaccinium
Vaccinium spp.

3

roundleaf thoroughwort
Eupatorium rotundifolium

rosette grass
Dichanthelium spp.

bluejack oak
Quercus incana

4

vanillaleaf
Carphephorus odoratissimus

little bluestem
Schizachyrium scoparium

yaupon
Ilex vomitoria

5

vetch
Astragalus spp.

dallisgrass
Paspalum dilatatum

sweetbay
Magnolia virginiana
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Table A.4

Table showing richness and evenness in plots sampled September-October of 2018-2019 following unburned treatments
and fire treatments from March 2018-19 and July 2018-19 at Camp Shelby Joint Forces Training Center, Mississippi,
USA. Numbers represent means and standard errors.
Differences in Richness and Evenness
2018
Unburned

2019*

March

July

Unburned

March

July

x̅

SE

x̅

SE

x̅

SE

x̅

SE

x̅

SE

x̅

SE

Richness

26.70a

2.61

29.10a

1.93

20.90b

1.91

24.80

1.52

21.00

1.16

20.00

2.02

Evenness

0.239a

0.003 0.255ab 0.002 0.269b 0.002 0.259 0.003 0.259 0.003 0.275 0.004

a

Within row treatments with the same lower-case letter do not differ
* No significant differences
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Table A.5

Least-square mean estimates of plant nutrient content found in all plant species
sampled in unburned treatments and fire treatments from March 2019 and July 2019,
6 weeks post March fire (May), 12 weeks post March fire (June), and 6 weeks post
July fire (August) at Camp Shelby Joint Forces Training Center, Mississippi, USA.
Crude Protein (%)
May

June

August

Unburned

x̅
11.08Aa

SE
1.14

x̅
8.53Ab

SE
1.14

x̅
9.89Aa

SE
1.14

March

12.89Ba

1.14

8.20Ab

1.14

9.66Ac

1.14

1.14

Ab

July

11.06

Aa

7.75

1.14

11.46

Ba

1.14

Phosphorus (%)
Unburned
March
July

0.075Aa

0.007

0.066Aab

0.008

0.054Ab

0.008

Ab

0.008

0.052

Ac

0.008

0.008

0.101Ba

0.008

Ba

0.007

0.078

0.072Aa

0.007

0.073Aa

0.097

Calcium (%)
Unburned
March
July

Aa

0.089

0.572Aa

0.089

0.654Aa

0.089

0.519Aa

0.089

0.535Aa

0.089

0.610ABa

0.089

0.089

Aa

0.572
0.588

Aa

0.579

0.089

0.521

Ba

0.089

Ca:P ratio
Unburned
March

8.91

Aa

6.27

Ba

1.39
1.39

9.68

Aab

8.06

Aa

1.40

11.71Ab

1.40

1.40

Ab

1.40

11.15

July
9.09Aa
1.39
8.54Aa
1.40
5.95Bb
A
Treatments within sample month with the same uppercase letter do not differ.
a
Treatment among sample months with the same lowercase letter do not differ.

81

1.40

Table A.6

Mean crude protein (%), phosphorus (%), calcium (%), and the calcium to phosphorus ratio of plant species sampled in
unburned treatments (U) and fire treatments from March 2019 (M) and July 2019 (J), 6 weeks post March fire (May), 12
weeks post March fire (June), and 6 weeks post July fire (August) at Camp Shelby Joint Forces Training Center,
Mississippi, USA.
Crude Protein (%)
n

bahiagrass
(Paspalum notatum)

bluestem grass
(Andropogon spp.)

dewberry
(Rubus spp.)

rosette grass
(Dichanthelium spp.)

inkberry
(Ilex glabra)

1

5

2

1

U

M

J

Calcium (%)

U

M

J

U

M

J

May

6.58

9.10

3.98

0.07 0.08 0.04 0.34 0.48 0.34

June

2.58

1.60

August

3.73

May

Ca:P ratio
U

M

J

4.57

5.96

9.55

1.17

0.02 0.03 0.05 0.45 0.35 0.37 18.88 12.65

7.10

2.69

2.62

0.05 0.04 0.06 0.34 0.28 0.29

6.86

6.90

5.15

6.44

9.78

6.60

0.06 0.09 0.06 0.30 0.33 0.28

5.35

3.75

5.07

June

6.67

4.28

4.29

0.05 0.07 0.06 0.29 0.26 0.33

6.13

3.45

6.15

August

6.42

5.93

8.09

0.05 0.05 0.07 0.31 0.29 0.28

6.03

6.54

4.35

May

13.39 15.75 13.31 0.06 0.12 0.06 1.08 0.64 1.05 18.89

5.58

17.84

June

7.15

8.17

10.96

13.59 13.31 18.15 0.06 0.07 0.13 0.76 0.75 0.63 13.20 10.79

4.89

May

8.55

8.98

8.50

0.06 0.08 0.08 0.37 0.27 0.27

8.33

3.60

3.39

June

5.38

3.75

2.87

0.06 0.08 0.06 0.22 0.22 0.25

3.70

3.22

4.19

August

6.07

4.65

7.37

0.05 0.05 0.08 0.26 0.25 0.27

5.37

5.03

3.38

May

12.69 13.43 14.46 0.04 0.08 0.07 0.50 0.44 0.42 12.29

5.85

5.77

June

6.23

7.41

6.26

4.26

3.84

August

9.61

8.54

12.63 0.03 0.02 0.15 0.37 0.30 0.22 13.52 13.15

1.48

August

4

Phosphorus (%)

11.93 10.87 0.07 0.07 0.07 0.78 0.57 0.75 11.92
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0.05 0.09 0.10 0.23 0.38 0.39

4.30

Table A.6 (continued)

Florida hoarypea
(Tephrosia florida)

greater tickseed
(Coreopsis major)

Carolina jessamine
(Gelsemium sempervirens)

narrowleaf silkgrass
(Pityopsis graminifolia)

roundleaf thoroughwort
(Eupatorium rotundifolium)

vaccinium shrub
(Vaccinium spp.)

1

1

1

1

4

1

May

15.98

15.61

13.95 0.19 0.25 0.16 0.34 0.42 0.30

1.75

1.72

1.84

June

10.58

12.70

9.77

0.12 0.14 0.07 0.46 0.41 0.53

3.71

3.01

7.09

August

12.70

15.70

12.47 0.09 0.06 0.14 1.05 0.76 0.53

11.31

12.67

3.96

May

10.04

13.15

10.17 0.08 0.10 0.08 0.68 0.67 0.61

8.35

6.47

7.72

June

8.14

9.15

8.55

0.07 0.10 0.07 0.97 0.97 0.94

14.62

9.42

13.75

August

10.37

10.48

14.35 0.08 0.08 0.16 0.80 1.20 0.58

10.72

16.02

3.66

May

13.26

16.06

14.91 0.05 0.08 0.06 0.21 0.26 0.25

4.16

3.36

4.08

June

9.72

11.51

8.96

0.06 0.07 0.07 0.30 0.26 0.33

4.61

3.97

4.64

August

13.24

15.11

13.58 0.04 0.05 0.08 0.47 0.52 0.39

11.12

10.69

5.03

May

8.00

11.66

10.82 0.05 0.07 0.06 1.18 0.98 1.57

22.23

14.14 24.84

June

5.59

3.17

4.64

0.04 0.04 0.07 0.73 0.54 0.91

20.80

13.53 12.93

August

4.78

3.02

1.06

0.06 0.05 0.07 0.73 0.87 0.73

13.20

16.12 11.10

May

19.32

20.26

17.79 0.12 0.17 0.10 0.89 0.78 0.90

7.62

4.81

June

16.29

15.47

16.06 0.11 0.10 0.09 1.11 1.04 1.13

10.64

11.09 12.53

August

17.15

17.16

18.01 0.07 0.07 0.14 1.29 1.11 0.83

19.00

16.86

May

10.00

12.91

13.06 0.07 0.05 0.05 0.31 0.48 0.47

4.22

10.17 10.26

June

8.80

10.84

10.55 0.03 0.05 0.07 0.87 0.68 0.55

26.45

12.91

8.48

August

10.74

11.32

12.87 0.04 0.04 0.09 1.09 0.88 0.62

30.32

22.47

6.87
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9.39
6.46

Table A.6 (continued)

winged sumac
(Rhus copallinum)

wiregrass
(Aristida spp.)

yaupon
(Ilex vomitoria)

2

3

1

May

16.68

17.36

16.71

0.13

0.11

0.08

0.34

0.38

0.33

2.68

3.48

3.98

June

14.31

14.30

13.10

0.12

0.17

0.16

0.25

0.31

0.27

2.20

1.88

1.75

August

14.76

16.42

17.09

0.07

0.07

0.16

0.55

0.43

0.46

8.45

6.50

3.04

May

3.12

7.33

3.31

0.04

0.07

0.08

0.23

0.31

0.30

6.13

4.52

5.14

June

1.95

1.75

1.55

0.05

0.04

0.06

0.27

0.30

0.23

5.96

8.15

4.34

August

4.09

2.88

6.78

0.04

0.05

0.10

0.21

0.21

0.27

5.31

4.41

2.83

May

16.91

16.90

15.39

0.09

0.07

0.07

0.30

0.23

0.42

3.45

3.46

5.90

June

16.04

16.04

14.89

0.09

0.07

0.07

0.44

0.32

0.36

4.87

4.46

5.26

August

15.14

16.27

17.25

0.05

0.04

0.09

0.39

0.41

0.33

7.55

10.32

3.80
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